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TECHNICAL MEMORANDUM 


SPACE SHUTTLE STS-1 SRB DAMAGE INVESTIGATION 
FINAL REPORT 

INTRODUCTION 


The successful launch and recovery of two Solid Rocket Boosters (SRB) from the initial Space 
Shuttle (STS-1) mission provided an early opportunity to evaluate the reuse potential of SRB sub- 
system hardware. While the design of a SRB subsystem for the ascent portion of the mission is based 
on conventional (i.e., conservative) design criteria, the design philosophy for SRB reentry and water 
impact was, rather, to select the most cost-effective design option. This design philosophy entailed 
accepting varying degrees of risk, from mission-to-mission, that certain components may be damaged, 
perhaps beyond repair, before the end of their useful life. This philoso^yi.y also allowed a “shoot 
and see” attitude, where significant uncertainty existed, prior to the STS-1 launch, of the expected 
reentry environment or the capability of a given design approach to survive a predicted emiionment, 
and where the development cost for alternate design approaches would have been substantially higher 
than the selected design. Consequently, the degree of damage found on the recovered STS-1 hardware 
was of great interest from the standpoints of cost effectiveness of the SRB design and the accuracy of 
the attrition model used to forecast cost per fliglit. 

Three areas of damage observed on the recovered boosters were idcntitied as being substantially 
more severe than predicted. These were: (1) structural damage to the aft solid motor case and 
stiffening rings, (2) general heat damage to components mounted in the interior of the aft skirt, and 
(3) structiual damage to the primary stiffening tings in the aft skirt. An ad hoc committee, composed 
of engineers representing various disciplines within NASA Marshall Space Flight Center; Unitcil Space 
Boosters, Incorporated, the booster assembly contractor; and Thiokol Corporation, the SRM prime 
contractor, was formed to investigate these areas of damage. The committee was chartered to accom- 
plish three specific objectives; 

1) Define the actual damage in specific technical terms. 

2) Reconstruct the failure scenario based on flight data, postflight analyses, and laboratory 

tests. 

3) Recommend specific design changes, if any, which would be cost effective in later launches 
of SRB hardware. 

This report summarizes the evidence gathered and the findings an<! recommendations generated 
by the committee. Much additional detail is available in the various letters and reports generated 
during the course of the investigation. 


DAMAGE SUMMARY 


The general condition of the STS-1 SRB was well within prelaunch expectations following 
recovery. A complete external visual examination was performed immediately after the boosters were 



removed from the water [ 1 ] , and a large number of still, color photographs, movie footage, and video 
tapes were used to document the general appearance of the bask structure and subsystem hardware. 


The initial inspection revealed three general areas where damage was significantly greater than 
expected. It was most apparent that the interior of the aft skirts on each SRB had been exposed to 
high heating resulting in thomal damage to TVC subsystem components and electrical wiring. 

Further, the stiffening rin^ in the interior structure of the aft skirt were damaged; in particular, the 
intermediate ring of the three stiffening rings was severely damaged on both recovered boosters. 
Finally, the aft motor case segments were found to have significant damage to the bolt-<Mi stiffening 
rings, and one segment on the left-hand booster (A07) had a visible flattened area (“oil can”) in the 
case waH. 

Following the formation of the ad hoc committee, these damaged areas were carefully 
irupected and the damage was defined in detail down to the component level In the paragraphs 
below, the results of the detail inspectkms are summarized for each of the three areas investigated. 


A. Aft Skirt Thermal Damage 

The subsystem hardware within the aft skirt, ccmsisting of the thrust vector control (TVQ 
hardware, electrical cables, and instrumentation sensors (and their associated wirmg), were inspected 
in detail in both the left-hand (A07) booster and the right-hand (AOS) booster following the return 
of the hardware to MSFC. In general the componoits in AOS incurred substamially mn'e fire damage 
than did those in A07. 

Cable Damage . A general inspection of electrical cabling was perfmmed before removal 
[2,3], and a serks of plmtographs were taken to record the damage. Figure 1 shows one such photo- 
grairii taken of the AOS cabling prior to removal. In general all cabling below the forwardmost ring 
showed some thermal damage, while cables routed above this ring were undama^. Both A07 and 
AOS booster cabling suffered subsuintial thermal damrce with those in AOS being the more severely 
damaged. 


a. A07 (tables. Cables below the intermediate stiffening ring were the more severely 
damaged, with moderate damage up to the upper ting, and little or no damr^ to those cables above 
the upper ring. Although some cables were parted, none were burned in two, but appeared to have 
been mechanically brcdcen, perhaps by aerodynamic buffetii^ The l»'eaks occurred at various loca- 
tions, some just behiixl the connectors. All of the water-tight jackets on reusable cables showed 
evidence of leakage with corrosion at the interfaces with the water-ti^t connectm's. 

b. AOS Cables. Cables in the right-hand booster suffered substantially mcve damage than 
those in the left-hand booster, although the damage was of the same type as seen on A07. The 
imsence of a heavy coating of smoke residue on all interior surfaces m^e visual determiiution of 
fire damage difficult. 

2. TVC Damage . There was a substantial difference in TVC damage between the LH (A07) 
booster (and the RH (AOS) booster [4]. The uw*' auxiliary power units and hydraulk power supplies 
(“tilt*' and “rodr’’) of A07 sustained mostly cosmetic damage, whereas the comparable AOS hardware 
was much more severely damaged. The greater AOS damage appeared to be the result of being 
exposed to either higher heating or a fire within the aft skirt cavity. 
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The A07 hydrazine and hydraulic oil containing elements were still sealed, and no loss of 
fluids had occurred. Both the left (rock) and right (tilt) components were judged, from external 
examination, to be worthy of refurbishment. Some minor water impact damage was noted and this 
is shown in Table 1. In contrast, both the hydrazine and hydraulic oil containing elements in AOS 
were open, with all hydrazine and most of the hydraulic oil lost. The hydrazine elements suffered 
severe damage, while the hydraulic element component damage was generally limited to tubing and 
flex lines. Table 2 gives a summary of damage received by individual components within the TVC 
subsystem, and Figure 2 shows a general view of the AOS TVC subsystem. 


TABLE 1. A07 TVC SUBSYSTEM DAMAGE 


Item 

Condition 

A. Rock (left side) 


1. Fuel Isolation Valve 

Shock mount ring separated 

2. Fuel Supply Module Insulaiion 

Lower two-thirds missing 

3. Fuel Supply Module, Impact Shield 

Bracket broken 

4. Fuel Isolation Valve Inlet/Outlet Hoses 

Kinked 

5. Fuel Supply Module and Reservoir 


Connectors 

Heat Damage 

B. Tilt (right side) 


1. Fuel Supply Module Impact Shield 

Bracket broken 


TABLE 2. AOS TVC SUBSYSTEM DAMAGE 



Item 

Condition 

A. Rock (left siJe) 

1. Low-Pressure Relief Valve (3/S Dia) 

Ruptured 

2. 

Low-Pressure Crossover Line (1-1/2 Dia) 

metured 

3. 

Hydrazine Fill Line (1/4 Dia) 

Pulled from Boss 

4. 

Fuel Feedline Hose (1/2 Dia) 

Pulled from APU 

5. 

APU Purge in and out Flex Lines 

Ruptured 

6. 

APU Fuel Pump 

Ruptured 

7. 

Fuel Valve 

Damaged 

S. 

Filter to Fuel Supply Module 

Ruptured 

9. 

Fuel Supply Module Overflow 

Ruptured 

10. 

Water Impact Deflector Brackets 

Broken 

11. 

Reservoir Outlet Line 

Flattened 

B. Tilt 
1. 

(right side) 

Low-Pressure Relief Line (3/S Dia) 

Ruptured 

2. 

Filter to Fuel Supply Module 

Ruptured 

3. 

Fuel Supply Module Fill Line (1/4 Dia) 

Pulled from Boss 

4. 

Feed Flex Lines 

Separated from APU 

5. 

APU Fuel Pump 

Disintegrated 

6, 

Fuel Valve 

Damaged 

7. 

Actuator Crossover Return 

Impacted 

S. 

Fuel Isolation Valve 

Ruptured 
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B. Aft Skirt Structural Damage 


Figures 3 and 4 chart the specific damage received by A07 and AOS aft skirts, respectively, 
his damage is further described below. 

1. Rings . The most obvious and perhaps the most significant SRB damage was sustained by 
the structural rings on the interior of the aft skirt. Damage was generally similar in both skirts, and 
this damage may be characterized as follows: 

a. Forward Ring. Local damage to the inboard aft side of the flange o:' the ring. 

b. Intermediate Ring. Severe damage to nearly all of the ring except t'lat p rticn 
immediately behind the TVC subsystem. 

c. Aft Ring. Extensive cracking in the outer flange at the tii^ web. 

Figures 5 and 6 show views of the damage sustained by the intermediate ring. In all instances, tiie 
damage incurred by tne rings appeared to be the result of a forward acting, longitudinal force; i.e., 
all damaged structure which was stiil attached was deformed in a forward direction. In addition, the 
fractures appeared lo be very brittle* with little apparent yielding or plastic deformation evident. 

Other damage noted (1) A07 actuators impacted the inboard flange of the intermediate 
rings causing partial shearing of tht inboard ring flange, and (2) one longitudinal ^in stiffener on A07 
between the intermediate and forw..rd rings was cleanly sheared off at the skin line, apparently the 
result of & secondary impact by a large piece of intermediate ring web which was missing in the same 
area. A number of ring-reinforcing gussets were completely missing from the intermedia* ring in areas 
where the ring web was also missing. Some gusset fasteners were neatly sheared off at th« interface 
between the gusset and the skin stringer to which they were attached. Perhaps, the most mystifying 
structural damage noted was a through crack, approximately IS in. long, on the iimer flange of the 
aft ring. 

2. Thermal Cu r .ain . As expected and per design intent, the thermal curtain was destroyed 
at the completion of the mission. The only remaining pieces of the thermal curtain were the 
shredded ends of the curtain segments under both the aft skirt and nozzle compliance ring retainer* 
(Fig. 7). Also observed in the aft skirt area was thai two tl ermal cirtain retainers on the nozzle 
compliance ring were missing on each SRB and that these were missing prior to the reentry smudgiin, 
of the aft skirt interior. These two retainers were immediately adjacent to the initiwCion poird of tiie 
nozzle linear shaped charge. Figure 8 shows a view of the AOS nozz'e compliance ring aad shows the 
obvious discoloration of the paint due to reentry smoke. One other thermal curtain retainer segment 
was missit^ on the A07 compliance ring, located approximately 90 degrees counterclodcwise from the 
nozzle initiation point (as viewed looking forward). The surface under *his retainer segment, however, 
was clean, indicating the segment was lost after reentry smudging - presumably at water impact. 


1. Later microscopic examination of the fractures showed the failures to be ductile while metallurgical 
^litalysis of the material in static tensile tests showed limited ductility (1 to 4 percent) in the short 
transverse direction. 
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C. SRM Structurj*! Cbitiage 


1- SRM Nozzle . The SRM nozitles exhibited kjibb damage w,hich wm f^nume to the investi- 
gation of the ovctali aft skirt damage scenario, and this section wiJl be limited to d«Bribing that 
damaps observed in the aft exit cone area. Other damage in the forward nozzle arwt was identified 
and investigated by Thiokol and will not be discussed in this report 

The nozzle on the AW (LH) booster sustained the greater damage. Both actuator attachmertt 
brackets were fractuivd and broken Iook frora the nozzle exit cone shell on A07, whde the brackets 
were intact and undamaged on AOS. Investigation by Thiokol also revealed local fractures in the aft 
cone shell in the vicinity of the actuator bracket attachment on A07, while the exit cone shell on 
AOS was undamaged. 

The compliance rings on the nozzles appeared to be undamaged upon initial inspection, but a 
more detailed inspection later revealed some helicotl* pulled out where the thermal curtain retainers 
were fastened 15 1. This damage was common to both the AO? and A08 compliance rings and 
matched the locations where the thermal curtain retainers were missing, i.e., adjacent to the nozzle 
severance linear shaped charge initiatkn point, 

2- SRM Case . As with the SRM nozzle, the ad hoc committee’s interwt in the SRM case 
was limited to evidence which might contribute to -jiderstanding of the SRB aft skirt damage. In 
this regard, the damage incurred by the aft segments of the SRM case was investijpited to define the 
severity of the vmtet impact loads. There was a significant difference in damage to the two cases 
and these will be described sepa,rately, 

AO? Case Segments. The LH SRM sustained the more severe danua^ of the two 
recovered motor caises. The damage frora water impact was confined to the two aft most case seg- 
ments, Le , the *wo }20-in.-Iong segments between SRB station ISll M and SRB itilton 1817-60. 

In the forward most segment, a depression or “oil-canned” area of approximately 2 ft by 3 ft was 
■sustained in the 0.50-in.-tluck skin between the stiffener stubs. In the aft stiffener s^ent, 35 bolts 
were missing between the forward stub and the stiffener tee, and 28 bolts were miadrig between the 
aft stub and the stiffener tee. The tee stiffener itself was locally displaced forward from the flange 
approximately 1.0 in. AH of the above daras^e was centered at approximately 270 degrees near the 
+Y axis. A later more detailed inspection also revealed radial cracks initiating at the stiffener attach- 
ment holes in the stub flanges. 

b. AOS Case Segments, The RH case segment damage was confined to stiffener ring 
attachments in the aft most segment. The forward attachment had 27 bo.lts missing and the tee 
stiffener was locally displaced forward, as in A07. for about 1.0 in. In the aft attachment, 19 bolts 
were missing between the stiffener and the attachment stub. The AOS case damage was centered at 
approximately 13S degrees or midway between the tZ and the +Y axes. Figure 9 shows a photo- 
graph of the forward stiffener ring on AOS. 


FLIGHT DATA 


Members of the ad hoc committee reviewed all flight data which could provide inputs to the 

investigation. Unfortunately, some key instrumentation failed to provide useful data, and this greatly 
hampered further analyses in some areas. Table 3 lists all of the measurements which were installetl 
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TABLE 3. SRB MEASUREMENTS LOST DURING REENTRY 


MSID 

Description 

Lost 

Note 

B08D8092A 

Vib - Aft Sepn Motor, Radial Dir. 

330 Sec 

(2) 

B08D8I21A 

Vib - Input to TVC Lower Frame, Rad Dir 

350 Sec 


B08D8I22A 

Vib - Input to TVC Lower Frame, Fit Dir 

340 Sec 


BibP8300A 

Press Diff. Tilt Servo Actr. 

340 See 


B08P8303A 

Press Ext. Static, Fwd Skirt 2 

340 Sec 

(1) 

B08P8305A 

Press Ext. Static, Fwd Skirt 4 

340 Sec 


B08P83I4A 

Press - Engine Nozzle, Ext. 2 

340 Sec 

( 2 ) 

B08P8330A 

Press - Aft Skirt, Ext. 1 

340 Sec 

(2) 

B08P8332A 

Press - Aft Skirt, Ext. 3 

340 Sec 

(2) 

B07P8350A 

Press - Ascent, Ext. to Heat Shield 1 

338 Sec 

(2) 

P07P8351A 

Press - Ascent, Ext. to Heat Shield 2 

335 Sec 

(2) 

B07P8352A 

Press - Ascent, Ext. to Heat Shield 3 

335 Sec 

(1) 

B07P8353A 

Press .Ascent, Ext. to Heat Shield 4 

335 Sec 

(2) 

B07P8359A 

Press Ascent, Int. to Heat Shield 1 

330 Sec 


B07P8360A 

Press Ascent. Int. to Heat Shield 2 

330 Sec 

(2) 

B07P8361A 

Press Ascent, Int. to Heat Shield 3 

330 S:. 

(2) 

B07P8362A 

Press Ascent, Int. to Heat Shield 4 

335 Sec 

(2) 

B07R8401A 

Heat Flux - Radiation. Aft Skirt 1 

320 Sec 

(2) 

B07R8402A 

Heat Flux - Radiation, Aft Skirt 2 

340 Sec 

(2) 

B07R8403A 

Heat Flux - Radiation, Aft Skirt 3 

340 Sec 

(2) 

B07R8404A 

Heat Flux - Radiation, Aft Skirt 4 

340 Sec 

12) 

B07R8405A 

Heat Flux - Radiation, Aft Skirt 5 

340 Sec 

(2) 

B07R8407A 

Heat Flux - Total, Aft Skirt I 

343 Sec 

(2) 

B07R8408A 

Heat Flux - Total, Aft Skirt 2 

342 Sec 

(2) 

B07R8409A 

Heat Flux - Total, Aft Skirt 3 

336 Sec 

(2) 

B07R8434A 

Heat Flux - Total, Aft Skirt 4 

333 Sec 

(2) 

B07R8435A 

Heat Flux Total. Aft Skirt 5 

340 Sec 

(2) 

B07R8436A 

Heat Flux - Total, Aft Skirt 6 

330 Sec 

(2) 

B07R8449A 

Heat Flux - Total, Int, Aft Skirt 1 

338 Sec 

(1) 

B07T8474A 

Temp - Aft Skirt, Mid Top Outboard 

340 Sec 

(2) 

B07T8475A 

Temp - Aft Skirt, Mid Top Inboard 

330 Sec 

( 2 ) 

B07T8476A 

Temp - Aft Skirt, Mid Bottom Inboard 

334 Sec 

(2) 

B07T8477A 

Temp - Aft Skirt, Mid Inboard 

330 Sec 

<-) 

B07T8478A 

Temp - Aft Skirt, Aft Inboard 

330 Sec 

(2) 

B58T8507A 

Temp — Hydraulic Fluid, Syst. A 

340 Sec 


B58T8508A 

Temp - Hydraulic Fluid, Syst. B 

340 Sec 


B07T8509A 

Temp — Aft Skirt, Int. Top 

340 Sec 

n) 

B07T8510A 

Temp - Aft Skirt, Int. Inboard 

340 Sec 

(1) 

B07T85I1A 

Temp - Aft Skirt, Int. Bottom 

3.W Sec 

(1) 

B07T8512A 

Temp - Aft Skirt, Int. Outboard 

330 Sec 


B07T8527A 

Temp - Cable Raceway, Fwd 

330 Sec 

(2) 

B46T8534A 

Temp - APU A Turbine Exhaust 

330 Sec 

(1) 

346T8535A 

Temp - APU B Turbine Exhaust 

330 Sec 


B08Y8982A 

Acou. - Aft Skirt, Ext. No. 1 

335 Sec 

(2) 


Notes: (1) Comparable measures failed on other SRB. 
(2) No comparable measure on other SRS. 




TABLE 3. (Concluded) 


MSID 

Description 

Lost 

Note 

B08Y8984A 

Acou. - Aft Skirt Heat Shld. Int. No. 1 

331 Sec 


B08Y8985A 

Acou. Aft Skirt Heat Shld, Int. No. 2 

332 Sec 


B08Y8986A 

Acou. - Aft Skirt Shld, Int. 

334 Sec 


B07R7449A 

Heat Flu: Total, Int. Mt Skirt 1 

338 Sec 

(1) 

B07R7450A 

Heat Flux - Total, Int. Aft Skirt 2 

340 Sec 

(1) 

B07T7470A 

Temp. - Aft Skirt, Fwd Bot Inboard 1 

347 Sec 

(2) 

B07T7471A 

t emp. - Aft Skirt, Fwd Bot Inboard 1 

347 Sec 

(2) 

B07T7473A 

femp. - Aft Skirt, Fwd Bot Inboard 2 

395 Sec 

(2) 

B07T7509A 

Temp. - Aft Skirt, Int. Top 

350 Sec 

(1) 

B07T7510A 

Temp. - Aft Skirt, Int. Inboard 

332 Sec 

(1) 

B07T7511A 

Temp. - Aft Skirt, Int. Bottom 

337 Sec 

(1) 

B46T7534A 

Temp. - APU A Turbine Exiiaust 

330 Sec 

(1) 


Notes: (I ) Comparable measures failed on other SRB. 
(2) No comparable measures on other SRS. 


on the STS-1 boosters and failed during the early stages of atmosirfieric reentry. This section sum- 
marizes the status of data as determined by the STS-1 F%ht Evaluation Working Group and docu- 
mented in the Final Fl^ht Evaluation Report [7]. 


A. Significant Event Times 

Table 4 gives a summary of STS-1 times for s^ificant events as extracted from the STS-1 
Final Flight Evaluation Report. 


B. Reentry Thermal Data 

Reentry heating within the aft skirt cavity was of sf ..cial interest, and a limited amount of 
val’iable data was obtained prior to sensor malfunctions i8]. 

1. Clalorimeters . SRB reentry aerodynamic '.leating for STS-1 was measured by ascoit 
calorimeters only, since reentry DPI calorimeters will not be installed until STS-3. The ascent 
cak>rimeters were not sized for reentry, nor were they located appropriately for determining reentry 
heating. However, valuable insight into the performance of the SRB thermal curtain was obtained by 
comparing calorimeter data from a sensor exposed directly to the extemai heat flux (facit^ aft) to a 
sensor within the aft skirt cavity (i.e., behind the thermal curtain). Figure 10 shows the former, for 
the RH SRB and Figures 11 and 12 show the latter for the LH and RH SRB, respectively. It is 
apparent that the thermal curtain was able to provide excellent thermal insulation prior to 200 sec, 
but afforded little or no protection r.pon encountering reentry aerodynamic heating at approximately 
300 sec. 
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TABLE 4. ‘^RB SIGNIFICANT EVENT TIMES 





Time from Ref (sec) 

Item 

Event Description 

Source 

Actual 

Predicted 

I. 

Liftoff 

SRM Thrust 

1.183 

1.205 


SRB Separation 

B.‘57P7311A 

131.826 

l?:.403 

3. 

LH Nozzle Jettison 

B52X7847E 

202.875 

2v2.5 

4. 

RH Nozzle Jettison 

B52X8897E 

203.016 

202.5 

5. 

Reentry Max q 

Estimated 

341.0 

334.0 

6. 

LH High Altitude Baroswitch Closed 
(LH Nose Cap Jettison) 

852X7880E 

369.004 

360.0 

7. 

RH High Altitud*' Baroswitch Closed 
(RH Nose Cap Jettison) 

B52X8880E 

371.343 

360.0 

8. 

1 

LH Low Altitude Baroswitch Closed 
(LH Frustum Separation) 

B55V1618A 

391.491 

382.0 

1 

9. 

RH Low Altitude Baroswitch Closed 
(RH Frustum Separation) 

B55V2618A 

393.793 

382.0 

10. 

LH SRB Impact 

B52X7886E 

424.915 

426.0 

11. 

RH SRB Impact 

B.S2X8886E 

428.052 

426.0 
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Figure 10. Aft skirt heating rate (AOS). 
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1 Thermocouples. The SRB aft skirt structural temperatures were recorded bv a t«>tal of 
17 thermocouples mounted on the interior of the aft skirts. Table 5 summarizes the locations for 
both the LH and RH boosters. The response of thermocouples located on the aft skirt skins is shown 
in Figures 13 and 14. In addition, the STS-1 preflight nominal temperature prediction has been 
plotted loi one thermocouple which is designated by the darkened symbol (A) on each figaiw. Also 
shown Is .. second comparison curve with tlie predicted temperature at the same location if 'he 
thermal > i.Ttain were lost prior to the maximum reentry heating. Figures 15 and 16 si’ow similar ilata 
tor the aft ring frames in the Lll and Rll SRB, respectively. 

With two exceptions, all thermocouple data were lost between 3.^0 and 345 see (the two sur- 
viving thermocouples are, however, still suspect after 350 sec). The loss of data is believed to be 
caused by the progressive physical damage of DFl cables as described earlier in this report. 


TABLE 5. STS ! AFT SKIRT STRUCTURAL TEMPERATURE MEASUREMENTS 


Measurement No, 

^B 

0 

Description 

Number 

LHSRB 

B07T7470A 

1877 

90 

Skin 

1 

B07T747 1 A 

1877 

135 

Skin 


B07T7473A 

1877 

166 

Ski:. 

3 

B07T7509A 

1926 

358 

Alt Ring Frame Web 

1 

B07T7510A 

1926 

90 

Aft Ring Frame Web 

2 

B07T75 1 1 A 

1926 

187 

Aft Ring Frame Web 

3 

B07T7512A 

1926 

270 

Aft Ring Frame Web 

4 

RHSRB 

B07T8474A 

1910 

45 

Skin 

1 

B0/T8475A 

1877 

315 

Skin 

T 

B07T8476A 

1910 

225 

Skin 

3 

B07T8477A 

1910 

265 

Skin 

4 

B07T8512A 

1927 

273 

Skin* 

n;a 

B07T85O9A 

1926 

358 

Aft Ring Frame Web 

1 

B07T8510A 

1926 

90 

Aft Ring Frame 'Vco 


B07T8511A 

1926 

180 

Aft Ring Frame Web 

3 

B07T8478A 

1926 

270 

Aft Ring Frame Web 

4 


•Beneath instrument island. 


3. Passive Temperature Sensors. Passive temperature sensors were applied to the aft skirt 
interior structure prior to the STS-1 launch. These stick-on sensors were applied to record the maxi- 
mum local structural temperatuies during the mission. Table 6 shows the maximum temperatures 
recorded by the sensors for various locations; however, the data is suspect, and is judged to be not 
indicative of the actual structural temperatures. There was ample evidence shov'ing the sensors to be 
responding to gas temperature following the failure of the thermal curtain. 


19 





Figure 13. Aft skirt skin temperatures (A07). 




Figure 14. Aft skirt skin temperatures (AOS). 





Figure 15. Aft skirt aft ring frame temperatures (A07). 
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Figure 16. Aft skirt aft ring frame temperatures (AOS). 



TABLE 6. DA'l A FROM PASSIVE TEMPERATURE SENSORS 



Aft Skirt 

Parameter 

A07 

AOS 

• Loss Due to Burnout 

30% 

50% 

• Primary Loss Zone 

Xg = 1910 Aft 

Xg = 1877 Aft 


e = 45® to 315® 

0 = 0® to 135® 

• Maximum Temperature Recorded 

- Skin 

- Ring Frame Web 

- Stiffener Flange 

- Stiffener Web 

310®F (0 = 315°) 
290°F (0 = 0°) 
290°F (0 = 0°) 
290®F (0 = 0®) 

390®F (0 = 135°) 
395°F (0 = 135°) 

375°F (0 = 225°, 315°) 
400°F (0 = 225°) 


• Passive temperature sensors responding to gas temperature. 
- Not indicative of structural temperature. 


4. SRM Instrumentation . Instrumentation on the SRi4 nozzle was of interest in assessing 
the presence of SRM afterburning durii^ reentry. Two sensors (B07R8410A and B078411A) on the 
RH SRB nozzle i^r the exit plane show total heat flux to have tailed off from an average of 3.0 
Btu/ft^ sec in the 130 to 13S sec time frame to approximately 0 Btu/ft^ sec at 167 sec and remained 
there until nozzle severance, at which time the instrumentation is disabled [9]. 

5. Reentry Film . Color, 70 mm movies were taken of SRB reentry from the tracking ship 
USNS Vandenberg with long telephoto lenses. A 120-in. camera was trained on A07 between 361 sec 
after liftoff and water impact, and a 180-in. cinetelescope camera recorded the A08 reentry between 
247 sec and water impact with only two short (4 to S sec) lapses. The SRB reentry films were of 
interest thermally in that they clearly showed the burning in the aft skirt cavity during a portion of 
the atmospheric entry. The color of the flames, the color of the smoke, and the time the Are was 
observed v«.;ie all valuable evidence in determining the cause of the fire. A bright orange fire and 
thick black smoke were visible in the reentry films beginning near the time of nose cap jettison, 368 
sec after lift-off, at about 16,000 ft altitude. The smoke and flame were substantially gone by the 
time of frustum separation at 393 sec (6,000 ft altitude). 


C. Water Impact Loads Data 

As noted previously, much instrumentation was lost during the early reentry phase. This was 
particularly true for those sensors dealing with water impact loads. Some limited data of a gross 
nature was obtained and this is described in the following. 

1. Accelerometers . Both axial and lateral accelerations were obtained for both boosters. 
From visual interpretation of oscillographs, the events at water impact can be generally reconstru''ted 
as follows: The maximum axial loads occurred durir^ the initial impact phase with maximum accel- 
erations for both A07 and A08 of 14 to 16 g. Maximum lateral loads, in the ordn of 8 to 10 g. 
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occurred at both initial impact and cavity collapse. In addition, the latCTal accelerations give some 
indications as to the direction of loading; approximately in the — Y direction 'or A07 and midway 
between the -Y and — Z axes for AOS. 

2. Pressure TransducCTS . Pressure transducers to measure water impact pressures in the aft 
^rt were located oidy in the RH (AOS) booster. None of these measurements survived tte early 
aerodynamic reentry phase (Table 3), so no local pressure data was obtained. 

3. SRM Instrumentation. Pressure transducers were located on the aft SRM segments at SRB 
stations 1637 and 176S (Le., on the SRM case wall between the stiffener stub flanges). These cir- 
cumferential arrays of pressure transducers provided good data for defining direction and magnitude of 
cavity collapse loads on the motor case. Figure 17 shows this data along with a reconstructed cavity 
collapse pressure i»x>file for the RH booster (AOS). 

Another valuable SRM measurement was the internal motor case pressure during water impact. 
Figures 18 and 19 give the time history of the motor case internal “ullage’' pressure, and show the 
significant pressure drop at water impact in both boosters. This pressure drop is caused by the rapid 
cooling of the internal gasses by water ^ray through the nozzle. This pressure drop, 10 psi below 
ambient for A07 and 7 psi below ambient for AOS, adds directly to the cavity collapse pressure load- 
ing on the case exterior. The measurements are also of interest as an indicator of the internal ullage 
gas temperature at water impact. 

4. Reentry Films . The reentry films, described earlier under Reentry Thermal Data, were 
also quite useful for water impact analysis. Approximate preimpact orientation of both boosters, 
both in angle relative to the velocity vector and the clocking angle, were determined from fiame-by- 
frame analyses of the films. 


POST FLIGHT ANALYSES 


A number of postflight analytical studies and hardware failure analyses were performed to 
specifically identify the causes of the damage observed on STS-1 boosten. In general, these analyses: 
(1) showed that hypothesized events either could or could not have happened, (2) reconstructed actual 
flight events based on available data, or (3) iwedicted future flight events based on STS-1 experience. 
Some of the more significant postflight analysis results are given below. 


A. Thermal Analyses 

Thermal analyses were performed for the portions of the SRB aft skirt area to determine what 
sequence of events occurred that could have produced the Are related damage on STS-1. 

I. Reentry Ignition Potential . Thiokol analysts evaluated the potential for SRM unburned 
propellants to ignite (“afterburning”) upon reentry iito the atmosphere [9J. In addition, the SRM 
internal insulation, liner, and nozzle ablatives were assessed as potential hydrocarbon fuels during 
reentry. The results of these analyses, as stated in Reference 9, show that SRM propellant afterburn- 
ing did not occur, but either the nozzle ablatives or insulation and liner were a likely source of burn- 
ing during reentry. Tablv 7 gives the composition of nozzle pyrolysis gas and Table 8 shows the 
inflammability limits of certain gasses. The Thiokol analysis also shows that ignition of the pyrolysis 
gasses should occur in the chamber prior to about 316 sec after lift-off. 
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VEHICLE STATION 1837 bl VEHICLE 81 UlON 1786 



UNITS Ipsia) UNITS (psia) 


MSIO: B47F7363A LH PRESS SRM CHAimER-LOW 



Figure !8. SRM internal pressure (A07). 


MSIO: B47P8363A RH PRESS SRM CHAMBER-LOW 



SECONDS RELATIVE TO LIFTOFF 

Figure 19. SRM internal pressure (AOS). 
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TABLE 7. NOZZLE PYROLYSIS GAS COMPOSITION 


Specie 

Formula 

Mass 

Fraction 

Mole 

Fraction 

Carbon dioxide 

co^ 

MBM 

0.240 

Isopropyl alcohol 

C3H70H 


0.110 

Methane 

CH, 

BB9 

0.329 

Carbon Monoxide 

CO 

0.2617 

0.302 

Acetylene 

CjHj 

0.0025 

0.0031 

Cyclohexane 

QH.a 

0.0409 

0.016 


TABLE 8 . INFLAMMABILITY LIMITS WITH AIR 
(Atmospheric Pressure and Room Temperature) 




Limits of Inflammability 
(Volume Percent) 

Specie 

Formula 

Lower 

Upper 

Methane 

CH4 

5.3 

15.0 

Ethane 

C 2 

3.0 

12.5 

Propane 

CO 

X 

2.2 

9.5 

Jso butane 

QH,o 

1.8 

8.4 

Pentane 

C 5 H, 2 

1.5 

7.8 

Ethylene 

C 2 H 4 

3.1 

32 0 

Acetylene 

C,H, 

2.5 

80.0 

Cyclohexane 

C 6 H| 2 

1.3 

8.0 

Isopropyl Alcohol 

CiHgO 

2.0 

12.0 


2. Aft Skirt Components Temperatures . A reentry thermal analysis was performed assuming 
no thermal curtain between the SRM nozzle and the aft skirt aft ring [ 10] . Since the actual reentry 
orientation of the A07 and AOS boosters could not be determined, the predicted aerodynamic heating 
rates for these analyses were based on an assumed vehicle tumble profile. Four subsystem 
elements which suffered extensive damage on STS-1 were examined: (1) the TVC low pressure relief 
hydraulic line, ( 2 ) the hydrazone service line, (3^ a shielded, waterproofed measurement cable, and 
(4) a shielded, nonwaterproof measurement cable routed to the actuator. Analytical results showed 
that the TVC low-pressure relief hydraulic line (titanium) had a predicted maximum temperature of 
570‘*F, and the hydra/ine service line (stainless steel) up to 440°F. The predicted temperatures could 
cause rupture of the lines (the relief line was ruptured on AOS, no lines were ruptured on A07). 
Maximum predicted temperatures of the electrical cables ranged between 545“F and 74C**F which is 
sufficient to produce the damage observed on A07 and AOS cables. 
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3. Nozzle Severance LSC Temperature . A thermal analysis was performed by Thiokol [111 
to determine the temperature rise in the nozzle linear shaped charge if nozzle severance were delayed 
until just prior to water impaci, i.e., the nozzle LSC would be subjected to reentry acrodynanu : 
heating. The analysis indicated that there would be no thermal degradation nor autoignition i-a/»*d 
created by the additional heating, and, in fact, the predicted temperature rise at the LSC would oe 
only 3°F. However, it was concluded that additional insulation would be required for protection o. 
the initiator lead wire. 


B. Structure Analyses 

The aft skirt structure, in particular the three stiffener rings, was extensively analyzed to 
determine the intensity of the applied water pressure during splashdown which would be required to 
produce the damage seen on the STS-1 boosters. This loading was compared to the preflight pre- 
dictions based on STS-1 initial water impact conditions as determined from scale model drop tests. 

1. Water Impact Conditions . From analysis of Aims, the initial velocities and altitudes of 
both A07 and AOS boosters were estimated [7J. These conditions are shown in Table 9, with the 
coordinate and sign coventions illustrated in Figure 20. The water entry vertical velocity was deter- 
mined to be significantly higher than the 88 ft/sec value predicted for STS- 1 boosters as well as the 
ft/sec design value. The horizontal velocity was estimated to be very small in comparison with the 
design value of 45 ft/sec and the impact angle was estimated to be approximately that used for design 
loads, i.e., 9 = -5 degrees. 


TABLE 9. ESTIMATED WATER IMPACT CONDITIONS 


Parameter 

Left SRB (A07) 

Right SRB (A08) 

Vertical Velocity — Vy 

93 fps 

94 fps 

Horizontal Velocity - 

<5 fps 

<5 fps 

Impact Angle — B 

-3° to -T 

-3° to -7° 

Roll Angle - 0 

See f 

1 

'igure 21 

1 


The roll angle or clocking angle orientation, as shown in Figure 21, showed the horizontal 
velocity vector to be in the -Y direction for A07 and approximately midway between the — Z and 
Y axes for A08. Penetration depth of the boosters was significantly greater than preflight pre- 
dictions, with a maximum initial depth of approximately 50 ft on both boosters compared to the 
design value of 40 ft. Both boosters stabilized in the spar buoy flotation mode, as predicted, with 
eventual freeboard during initial retrieval operations of 25 ft on A07 and 40 ft on AOS. 

2. Cavity Collapse Loads . The analysis of cavity collapse differential pressures on STS-1 
boosters involved determination of both internal and external pressures during water impact. Using 
the pressure data from the eight pressure transducers at the two aft SRM stations described earlier in 
this report, a peak cavity collapse pressure of approximately 167 psig was determined at vehicle 
station 1765. Figure 22 shows the good comparison of the measured value with the peak pressure 
predicted for the STS-1 actuai conditions. The analysis did show that the axial distribution of pres- 
sure was slightly more forward on the vehicle than predicted as shown in Figure 23, 
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X 



Vy - VERTICAL VELOCITY 
V,^ - HORIZONTAL VELOCITY 
e - PITCH ANGLE 

0 - ROLL ANGLE (ANGLE BETWEEN 
COMPOI^NT OF V|| IN SRB Y-Z 

PLANE AND +Z AXIS. MEASURED 
CLOCKWISE FROM THE *Z AXIS 
LOOKING FORWARD.) 

h - PENETRATION DEPTH 
NOTE: ALL VALUES PCMITIVE AS SHOWN 


Figure 20. SRB water impact loads coordinate system and sign convention. 



A07 (LEFT) looking FORWARD ^ (RIGHT) 


Figure 21. SRB roll orientations at water impact. 
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PEAK PRESSURE 



Figure 22 . Cavity collapse peak pressure. 



Figure 23. Cavity collapse pressure - longitudinal distribution (AOS). 

The internal SRM case pressures were analyzed from on-board measurements [12]. As illus- 
tnted in f igures 18 and 19. there was a signific,ant pressure drop in both cases: 10 psi below 
a .ibient on A07 and 7 psi below ambient op A08. This pressure drop is greater than the 1.5 to 2.0 
P‘i pred'ctcd as design criteria. 

.V Aft Skirt Ring Stresses . A key question in the aft skirt investigation was what caused 
tiio structure failure of the ring frames. The STS- 1 water impact conditions weie somewhat different 
than predicted, so it was necessary to define a new set of applied loads on the aft skirt structure. 

I sing the parametric water impact loads data derived from scale model drops, a revised set of loads, 
b, ved on actual drop conditions, was defined and applied to the aft skirt structure. The resulting 
si, esses were then computed to determine whether the damage observed on the aft skirts was likely 
to have happened at the specific STS-1 water entry conditions. The re'^ults of the analyses, given m 
l .ibic 10 show that the ring damage should not have occurred at the specific STS-1 water entry con- 
ditions. The analyses used representative ring material properties based on postflight tests ot speci- 
mens cut from the failed rings. 
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TABLE 10. RESULTS OF POST-FUGHT STRESS ANALYSIS 
ON THE AFT SKIRT INTERMEDIATE RING 



Load Condition 


Web 

Factor of Safety 


Vy (ft/sec) 

V|j (ft/sec) 

6 ° 

rressure 

(psi) 

160°F 

250° F 

STS-1 Configuration 
o Design Conditions 
(Model Test Loads) 

85 

45 

-5 

157 

1.27 

1.16 

o STS-1 Actual Impact 
Conditions 
(Model Test Loads) 

92 

10 

-5 

83 

1.93 

1.77 


4. Aft Skirt Ring Capability . Since the loads predicted from model test data were not 
sufflcient to cause the damage observed on the aft skirt rings, additional analyses were performed to 
define the failure modes of each ring. With skin pressures held constant and ring web pressures 
allowed to increase until failure occurs, the initial and sometimes secondary failure points were deter- 
mined. The results of these analyses for the stiffening rings is given in Table 11. It can be seen that 
the analyses accurately predict the failure modes observed on STS-1, but the web pressure required to 
initiate failure is substantially greater than preflight predictions. 


TABLE 1 1 AFT SKIRT RING CAPABILITY AT FAILURE PRESSURE 



Failure Pressure* (psi) 

Upper Ring Inner Flange Failure 


Ring Loads Only 

390 

Ring and Skin Loads 

335 

Aft Ring Failure 


Initial Failure of Lower 
Outboard Flange 

280 

Second Failure Would be Shear 
of Fasteners Between Gusset and 
Skin Stiffener 

400-450 


*Factor of Safety = 1.0 


5. Attrition Predictions . An analysis was performed [13] to define new attrition predic- 
tions based on STS-1 observations, i.e., early failure of the aft skirt thermal curtain and increased 
water impact loads on the aft skirt rings and the actuator attachment structure. The revised attri- 
tion estimates are compared to the preflight predictions in Table 12 for the actual STS- 1 impact 
conditions. In general, the analyses show that an early failure of the theimal curtain has much less 
effect on attrition than does the estimated increase in water impact loads. In either case, liit; attri- 
tion rates are much higher than acceptable levels except for the actuator attachment structure. 
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TABLE 12. SRB ATTRITION ANALYSIS RESULTS 



.Attritions (%) 
(Databook Loads/ 
Est. New Loads) 
Yearly Nominal 

Heat Shield Ir.tact at Water Impact 


Aft Ring 

31.2/60.6 

Intermediate Ring 

44.9/87.8 

Forward Ring 

0.3/48.4 

Cascading (Actuator Attach System) 

6.12 

Heat Shield Failed Near 290 sec of Flight 


Aft Ring 

42.6/67.4 

Intermediate Ring 

55.6/92.8 

ForwanI Ring 

0.7/62.7 

Cascading (Actuator Attach System) 

1 


Note; I . The attritions shown represent ultin^ate conditions. 

2. The numbers separated by a / are the attritions using the 
load data book reference compared to the load shown in 
Memorandum EP43(81-30). 

C. Hardware Examinations 

Post night laboratory examination of SRB hardware was undertaken in several instances to 
help pinpoint the nature of observed anomal'"s and to define the specific damage incurred where this 
could not be determined visually. 

1. Soot Composition . The black soot prevalent on the interior surfaces of the aft skirt was 
examined (i4J for traces of aluminum (SRM propellant) and magnesium and silicon (SRM asbestos 
liner). No traces of aluminum oxide were found in the soot or contamination on painted surfaces. 
Significant quantities of magnesium and silicon were detected on all samples collected. While these 
could be indicative of asbestos, the ratio of magnesium to silicone was not relatively constant nor 
suggestive of asbestos. It was concluded that the source of the magnesium and silicon were more 
likely to have resulted from random dirt or seawater exposure. 

2. TVe Component Fractures . ' ive failed AOS TVC hydrazine system components, con- 
sisting of overflow, purge, bypass, and feedlines, were examined visually and by fractographic and 
metallographic analyses ( 1 5 1 . From the visual and low power magnification examinations, extraneous 
molten teflon was discovered on the stainless steel tubing, and molten teflon was present on flex 
hoses. The line failures were all concluded to be caused by internal pressure which produced a ductile 
overload rupture. Microstructure and microhardness evaluations of the metallic components were both 
acceptable. 

3. Af t Skirt Ring Material Properties. Tensile test specimens were taken from both the aft 
and intermedi. te rings on the A07 aft skirt [ 16,17). The rejulting data is given in Tables 13 and 14 
for the aft ring and intermediate ring, respectively. In general, the properties were found to be above 
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TABLE 13. TENSILE TEST RESULTS SRB A07 AFT SKIRT LOWER RING SEGMENT 


Specimen 

Number 

UTS 

(ksi) 

TVS 

(ksi) 

•A e (1/2 in.) 

L-1 

62,830 

49,390 

8 

L-2 

65,470 

51,170 


L-3 

67,420 

52,800 

8 

L-4 

68,990 

54,510 

8 

S-1 

64,020 

51,330 

4 

S-2 

63,320 

49,800 

A 

S-3 

63,800 

50,850 

4 

S-4 

60,110 

51,1 70 

4 

QQ-A-250/30 (T) 

57,000 

42,000 

4 


NOTES: 

1 . L = Longitudinal; S = Short Transverse; T = Long Transverse. 

2. QQ-A-250/30 = Long transverse only at i/4 plate thickness. 


TABLE 14. TENSILE TEST RESULTS FROM STS-1 AFT SKIRT INTERMEDIATE RINGS 


Specimen 

Number 

UTS 

(ksi) 

TVS 

(ksi) 

% Elong. 
in 1 in. (4D) 

A07 L-1 

65,600 

52,460 

10 

L-2 

63,860 

52,780 

10 

L-3 

63,08u 

51,560 

10 

LT-1 

64,580 

52,600 

6 

LT-2 

64,330 

52,570 

4 

LI -3 

61,260 

50,460 

6 

ST-l 

59,770 

52,770 

4 

ST-2 

57,610 

52,670 

3 

ST-3 

58,710 

52,770 

2 

A08 L-! 

64,010 

53,180 

6 

L-2 

63,870 

52,750 

6 

L-3 

63,640 

52,330 

6 

LT-1 

65,530 

53,160 

6 

LT-2 

63,700 

52,820 

6 

ST-1 

55,930 

52,350 

T 

ST-2 

56,200 

52,470 

1 

ST-3 

56,040 

52,640 

1 

QO.A-250/30 Req. 

61,000 

49,000 

3 


NOTE: 1. QQ-A-250/30 Requirements are for LT direction at 
I /4 in. plate thickness. 


34 




che imniinuni s>pecificath'n allowable for boih the longitudinal and long transverse directions. Fo- the 
intermediate ring, however, the shtrt transverse properties were found to be below t*:' OQ-A-250/30 
specification minimum ultimate ten die strength values (stated for long transverse direction only). 

4. Failure Analyses of Rings . Visual, spectrogruphic, radiographic, metallographic, and frac- 
lographic analyses were performed on portions of the fractured ring segments for both the aft and 
intermediate rings of the A07 SRB (16,17). 

a. Aft R- g. 1‘ailure analyses showed the failed segment to have sustained a ductile 
fracture with the fracture originating on the aft face of the web at its juncture with the outboard 
(skin) flange. The aluminum alloy material was within the acceptable limits of the purchasing speci- 
fication, and there was no evidence of any unusual segregation of constituents or unusual grain ‘izc. 
Some corrosion, attribi ted to seawater exposure, was evident. 

b. Intermediate Ring. The itermediate ring was determined to have sustained two 

ductile fractures of the outboard (skin) flanges. The two fractures were near and parallel the ring 
web and progressed in opposite directions (Fig. 24). As with the aft ring, the alumii - >y 
material exhibited no unusual segregation of constituents or unusual grain size. Spectn /X'Tiric 
analyses of the ring were conducted on material from both near the center and near U and 

the ring material was within the aluminum association chemical composition limits for 2.. *87 

aluminum alloy. 

5. Failure Analysis of Nozzle Actuator Brackets . As described earlier in this report, actuator 
brackets on the nozzle end of both A07 actuators failed during water impact loading. The failure 
analyses of these brackets [18] concluded that the brackets failed in a ductile man^ .r as a result o 

a tensile overload. The fracture surface characteristics were found to be indicati^.? of high vciociiy 
impact loads. The fracture modes of both brackets were determined to be essentially mirror images 
of each other with fractures initiating the ‘^se of one of the pair o; long !udinal lugs du'ectly 
below the large holes accommodating tne actuator attachment pins. !n summary, the failures appeared 
to be the result of actuator t»msion loads, i.e., loads pulling away from the nozzle, with the fractures 
initiating on the left side of the left lug of the left-hand bracket and the right *idc of the right lug 
of the right-hand bracket at their juncture with the flanges bolted to the compliance ring. Mechanical 
properties of the brackets, derived from tensile specimens taken from V\c failed brackets, indicated a 
considerable variation. Strengt!; of the 707^-T73 forged material was significantly greater near the 
(jutmehed surfaces and decreased near the center of the forging by as much as 15 ksi in ultimate 
tensile strength. This was not considered unusual for forgings of tliis geometry (6 to 7 in. tluck), 
i)ut was significant in that the failures initiated near the minimum strength portion of the brackets. 

(). Fostflight Dimensional ( heck . Because of the relatively severe damage on the aft skirts, 
a compreliensive scries of optical measurements were taken on critical dimensions. These posifliglil 
measurements were then compared to recorded preflighl values, where available, or to allowable drav\ 
ing tolerances where pr:fliglit values were not recorded. The measurements tak^n are shown in 1 ig- 
urcs 25, 26, and 27, and the results are given in Tables 15 and 16. In genera!, it was found that 
some dimensional changes had resulted from the water impact loads, but that these changes were small 
and would not prevent reuse of the skirts aft^r replacement of the damaged ring segments. 


35 






TABLE 15. STS-1 AFT SKIRT POSTFLIGHT DIMENSIONAL CHECK RESULTS 



Toleranc • A07 

A08 

Bottom Plane of Aft Skirt 

±0.010 

In Plane 

In Plane 

Top Plane of Aft Ski, t 

±0.010 

In Tolerance 

In Tolerance 

Aft Skirt Diameter it I'otddown Posts 

±0.010 

In Tolerance 

Out of Tolerance 
-0.032 & -0.100 in. 

Actuator Bracket Location 




Axial 

±0.060 

In Tolerance 

Out of Tolerance 
M).025 & +0.047 in. 

Radial 

±0.443 

In Tolerance 

In Tolerance 

Kick Ring Diameter 

±0.010 

Out of Tolerance 
-0.020 to -0.026 

Out of Tolerance 
-0.008 to -0.023 

Kick Ring Clevis Holes 

-0 0005 
±0.0025 

In Tolerance 

In Tolerance 


TABLE 16. STS-1 AFT SKIRT POSTFLIGHT VERSUS PREFLIGIIT DIMENSIONAL COMPARISON 



Dimensional Change 
(Post flight - Preflight) 

A07(in.) 

A08 (in.) 

Aft Ring Diameter' 

-0.009 to +0.039 

-0.074 to -0.240 

Intermediate Ring Diameter* 

-0.014 to -0.048 

-0.011 to -0.040 

Upper Ring Diameter^ 

-0.052 to +0.011 

-0.038 to +0.007 

Upper to Intermediate Ring Spacing^ 

-0.022 to +0.003 

+0.009 to +0.008 

Intermediate to Aft Ring Spacing^ 

-0.008 to +0.035 

Targets Lost 


1 . Measured on Y-axis, Z-axis, and at holddown posts. 

2. Measured on Y-axis Z-axis, at holddown posts, and actuator locations. 

3. Measured on Y-axis and Z-axi.s. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

FINDINGS 


The ad hoc committee generated a number of findings using the data, inspection^, analyses, 
and examinations which have been described earlier in this report. In genersL these findings describe 
the most probable series of events leading to the damage incurred on the S7S-1 hardware. These 
findings are given below with a brief discussion summarizing the pertinent evidence in support of 
each finding. 


A. Finding 1 

Failure of the SRB thermal curtain was precipitated, prior to reentry, by the initiation of the 
linear shaped charge (LSC) employed to jettison the SRM nozzle.^ 

Discussion . Thennal performance of the thermal curtain war* nominal through the entire ascent 
lieating regime (i,e., until after SRM burnout at 167 sec), but was almost totally lacking upon the 
earliest encounter with reentry aerodynamic heating. Two thermal curtain retainers at each SRM 
compliance ring interface were forceably detached prior to reentry smudging of the aft skirt interior 
surfaces [19J. The nozzle LSC is quite close to the thermal curtain retainers (Fig. dH), and problems 
with containing the blast without thermal curtain damage were experienced during static qualification 
firings of the SRM. The temperature rise recorded in the aft skirt cavity agrees quite well with 
preflight analyses for an assumed total loss of the thermal curtain at reentry [8). 



2. Results of the STS-2 flight, where the nozzle LSC initiation was delayed until after parachute 
deployment, indicate that the thermal curtain will fail from aerodynamic phenomena (e.g., flutter) 
alone. Notwithstanding this, the evidence from STS-1 is conclusive that thermal curtain damage 
resulted from the early no/zic LSC initiation. 
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Finding 2 


Aerodynamic heating was the principle cause of rupture of the TV(' fuel system on A08 and 
the cable damage >n botli boosters. 

Discussion , A poslflight analysis of selected components which had suffered thermal damage 
showed that the temperatures necessary^ to cause the observed damage could be attained from aero- 
dynamic heating alone [20J. The reentry burning, as seen on the movie coverage, is typical of that 
seen on ground static firings prior to COj quenching, and generates only 3 to 5.5 Btu/ft- sec [9J, 
much less than the 1 1 Btu/ft* sec reentry aerodynamic heating. Laboratory examination oi the failed 
A08 TVe fuel lines indicates internal rupture of the tubing and ignition of the hydrazine after 
rupture. Although not conclusive, it is likely tliat the greater thermal damage observed on A08 is 
the result of hydrazine combustion after rupture of the fuel lines. 


C. Finding 3 

The SRM ‘‘afterburning’’ observed on both boosters during reentry was caused by burning of 
pyrolytic gasses from nozzle ablatives ignited by molten slag (AI 2 O 3 ). 

Discussion . The smoke color observed on the reentry films is black, which indicates burning 
of hydrocarbons rather than SRM solid propellant [14]. In addition, the smoke and fire are seen 
only after entry into the sensible atmosphere (about 16,000 ft) where the retjuired o.xygen is avail- 
able to support combustion. SRM instrumentation recorded nozzle exit plane heating liirough nozzle 
jettison at 203 sec, and calorimeters went to zero at about 167 sec. A laboratory analysis of soot 
deposits on the aft skirt interior showed no traces of aluminum which would be present if SkM 
piopeiiant were the fire’s source. A Tliiokol post-flight analysis showed that the ignition temperature 
required for pyrolytic gasses must be a minimum of HTO'^F to 2080"*F and ihe predicted slag 
(AI 2 O 3 ) temperature would be 3200''F at the observed ignition time (368 sec) (91. 


D. Finding 4 

C a\ity collapse loads were aggravated slightly by a reduced internal SRM pressure at spla.sh- 
dowp. resulting from higher-than-prodicted internal case temperatures. 

Discussion . The internal pressuie of the SRM case during cavity collapse loading is largely 
depeikient on the internal gas temperature immediately prior to water impact. A preiligiit analysis 
by Tliiokol, winch predicted a chamber gas temperature of I24°F, did not include effects of burning 
of p\!oIytic gases during reentry. An updated, postfliglit analysis was performed by 1 luokoi ^llj 
using worst case assumptions of complete combustion of both nozzle and chamber off-gases lor the 
longest possible time (110 sec). This analysis showed the maximum internal temperature to be 
1756°F. An MSFC analysis, based on the pressure collapse data of Figures 24 and 25, showed tne 
ullage gas tcmpeiaiures to be 830''F for A07 and 500*^F for A08 112). 


L. Finding 5 

Lxternal cavity collapse loads experienced on STS-1 boosters agree well with prcfhgtu pie- 
dictions with the exception of the location of the peak prcssuic. 
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Discussk>n . From the limited data available from instrumentation on the SRM case, peak 
cavity collapse pressures agree weU with the magnitude predicted by the scale model drop tests. There 
was some adjustment in longitudinal distribution indicated, in that the “leading edge” of the pressure 
peak was about S ft forward of the predicted location. The damage incurred on the SRM case and 
stiffening rings can be attributed to the forward location of the peak cavity collapse pressure, the 
actual STS-1 impact conditions (which were near those giving maximum cavity collapse loads), and 
the higher-than-predicteH n^ative pressure inside the motor. 

F. Finding 6 

Water impact loads on the STS-1 aft skirt stiffening rings were substantially higher than pre- 
flight predictions. 

Discussion . Although the water impact conditions, speciflcally the vertical velocity of the 
boosters, was outside the design envelope, preflight design load tables [21] encompassed the actual 
parameters experienced by the STS-1 boosters. Post-flight stress analyses showed that, at the actual 
impact, conditions seen by both A07 and AOS, the structural loading predicted by the loads tables 
would not cause structural failure. Laboratory tests of tensile specimens tai en from the failed A07 
rings [16, 17] showed the basic material properties to be within specification allowables except for 
the short transverse direction which was not specifled. Since it was determined that the short trans- 
verse direction was the failure direction in some instances, the minimum test value was used in sub- 
sequent analyses. A review of the geometry of the drop model used in generating design loads 
showed the model stiffenii^ rings did not represent the actual flight rings in that their (^^adial) depth 
was less and there was no inboard flange. Also, the rings were not instrumented on the drop test 
model to obtain ring w:b pressures, so loads provided for ring stress analyses used measured skin 
pressures in the vicinity of the rings. 


G. Finding 7 

The A07 actuator brackets acted as a weak link, or “fuse,” and prevented damage to other 
SRB components. 

Discussion . Preflight attrition analysis [22] concluded that failure of the actuator attachment 
structural components would cause cascading failure of other aft skirt/nozzle-mounted components. 

It was also determined to be cost effective for these structural components to fail flrst, thus protect- 
ing the actuators from damage [23]. This effect was demonstrated on STS-1 (A07). Cascading 
damage did occur to two intermediate ring segments (and possibly an aft ring segment) and the aft 
exit cone shell from the bracket failures on A07. However, the actuators were undamaged and p.'^ssed 
acceptance test requirements in postflight tests. Damage to the nozzle exit cone resulting from the 
bracket failures is reparable, as judged by Thiokol, but at a cost approaching 80 percent of new exit 
cone [24]. 


RECOMMENDATIONS 


Based on the findings described in the previous section, the ad hoc committee formulated a 
number of recommendations leading to resolution of the problems encountered on the STS-1 flight. 
These recommendations deal principally with keeping the thermal curtain intact through the aero- 
dynamic heating regime, if possible, and with redeflning the water impact loads on the aft skirt 
stiffening rings. 
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A. Recommendation 1 

Delay SRM nozzle severance until after the main parachutes are deployed. 

Discussion . Since the principal cause of early thermal curtain loss has been determined to be 
damage incurred at initiation of the nozzle LSC near apogee on STS-1, the delay of nozzle severance 
until main parachutes are deployed would effectively remove the source of the damage. Studies per- 
formed early in the SRB design stages had showed the late LSC initiation time to be feasible: how- 
ever, reentry acoustics were thought to be higher than acceptable based on initial wind tunnel tests. 
Later wind tunnel tests liave now shown the acoustic levels to be within acceptable limits. Anotlicr 
study performed as part of the ad hoc committee’s activities shows that SRB reentry aerodynamic 
stability characteristics are generally more favorable, but that higher drogue parachute loads can result 
if the nozzle extension remains on during "eentry. Higher internal SRM chamber ga^^ temperatures 
are also possible because of an increase in exposed surface area of nozzle ablatives 1 1 1 j and a larger 
‘‘air scoop” to feed oxygen to any burning of pyrolysis gases. In the above cases, however, the risk 
of drogue parachute overload or sinkage of the SRB, respectively, have been carefully examined and 
found to be acceptable. Recontact of the SRB aft skirt with the nozzle extension in the water has 
also been studied and found to pose no undue risk. 


B. Recommendation 2 

Increase the strength of fasteners at the retainers for the thormni niu lin at the SRVl 
compliance ring. 

Discussion . The two retainers immediately aujacent to the initiation point of the SR.M nozzle 
LSC were detached on each of the STS-I boosters. Evidence is conclusive that the retainer fasteners 
failed as a result of a tensile load induced by products of the LSC initiation blast |19J, InvxsLga- 
tion has shown that the current l/4-in.-diameter fasteners can be changed to 5/ Ib-in.-diamcter without 
impact to the design. This would provide nearly 60 percent increase in tensile strength and still 
permit increasing the fastener size to 3/8-in.-diameter if rework became necessary. 


C. Recommendation 3 

Improve development flight instrumentation to define water impa< f lo.uls on aft skirt oitmi;*. 

ringb. 


Discussion . Only a limited number (4) of pressure transducers were available to piovulc w.uct 
impact pressure data on STS-I boosters, and these were conlined to one booslci 17). liu s v nis 
of damage to the structure obviously dictates that the design loads be redefined. I irst priority would 
appear to be adding active pressure transducers to all the ring webs. Perhaps an a 'ceptahl ' aluinaliv 
would be the addition of many passive pressure sensors, in the form of burst discs, wiuJi wmild 
define, within limits, the peak pressures experienced throughout the aft skirt cavit>. Precautions 
should be taken to ensure that active pressure sensors return data; i.e., ihetinil pioteuiv)u oi llic .wr. 
sors and sensor wiring should be added in the event high lieating is still v P '* p.iviwl ou fuo.:;, liie* 
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D. Recommendation 4 


Perform additional SRB model drop tests to define aft skirt water impact pressures at design 
condition extremes. 

Discussion . Design loads must be redefined to permit effective modification, or redesign, of 
the existing ring structures to preclude continued incidence of severe damage. While DPI, on early 
STS flight hardware, can provide valuable data on actual pressures encountered during water impact, 
it is unlikely that extremes of required design conditions will be seen during DDT&E flights. In 
particular, high horizontal velocities caused by wind conditions in the impact zone are unlikely because 
of DDT&E wind restrictions imposed at the launch site. Model drop data will provide the necessary 
data and can be correlated to similar conditions experienced on the full scale boosters. 


E. Recommendation 5 

Modify the design of the aft skirt stiffening rings to preclude high incidence of ring damage 
at water impact. 

Discussion . Attrition analyses performed in light of the STS-1 damage indicate that aft skirt 
ring damage is highly likely on all future flights unless the ring structures are modified. Design 
studies and stress analyses have identified a number of structural modifications which will significantly 
improve the load-carrying capability of the rings. These proposed modifications include adding addi- 
tional reinforcing gussets forward of all rings, adding brackets on the aft surface of the rings to 
support the inboard ring flange, adding an additional row of fasteners through the outboard (skin) 
flange of the rings, removing the aft skirt skin that projects aft of the aft ring flange, and adding 
brackets between the aft surface of the aft ring web and the aft outboard skin flange. In future ring 
buys, flange and web thicknesses could be increased. 


F. Recommendation 6 

Determine design mechanical properties in the short transverse direction for the plate stock 
from which the aft skirt stiffening rings are fabricated. 

Discussion . The procurement specification for the thick plates used to fabricate aft skirt ring 
segments does not require minimum mechanical properties in the short transverse direction. Tensile 
test specimens made from STS-1 ring segments show the mechanical properties in the short transverse 
direction can be significantly lower than the longitudinal or long transverse properties [16J. Stress 
analyses of the rings and observation of STS-1 ring fractures show that some critical failure modes 
originate in the short transverse direction. Enough tensile tests need to be performed to establish a 
statistical data base for defining the minimum design values for the rings. 


G. Recommendation 7 

Evaluate the cost effectiveness of increasing the strength capability of the nozzle actuator 
bracket assembly at the SRM nozzle interface while retaining the wcak-link concept (fuse) demon- 
strated on STS-1. 
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Discussion , The failure of the A07 actuator brackets on SFS-1 appears to have prevented more 
serious (i.e., more costly) failures of tlie actuators and the structure adjacent to either end of the 
actuators. The successful postflight acceptance tests of the actuator and the reparable condition of 
such major structural members as the nozzle compliance ring and nozzle shell indicate the actuator 
brackets perform effectively as a “fuse” when excessive nozzle loads are encountered. However, an 
increased capability of the brackets could lessen the frequency of bracket failure and still retain the 
desired feature of protecting the actuators [22]. 


H. Recommendation 8 

Evaluate the need for adding stiffening rings to the stubs on the SKM forward stiffener case 
segment. 

Discussion . Cavity collapse loading on STS-1 was determined to peak about 5 ft further 
forward than predicted by model drop tests. Coupled with the greater pressure drop now predicted 
in the SRM chamber at splashdown, the differential pressure in the aft SRM segments will be greater 
than that used for design. The forward stiffener case sgemenr on the A07 booster (s/n 019) sustained 
damage primarily because of the forward shift of the peak water pressure. The cavity collapse load- 
ing experienced on STS-1 boosters was near the maximum value ever to be expected in future fliglits. 
Since the preliminary assessment of the recovered segments indicates the forward stiffener segment 
can be reused, it may not be cost effective to add the two stiffeners. 
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